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In Escherichia coli, sulfate and thiosulfate ions are transported by an ABC-type transporter consisting of
both the membrane components (the products of cysT, cysW, and cysA genes) and the periplasmic binders (the
products of cysP and sbp genes). The single cysP and sbpmutants are able to utilize both sulfate and thiosulfate
as a sole sulfur source, while the inactivation of both genes leads to cysteine auxotrophy resulting from the
block in the transport of both ions.

In members of the family Enterobacteriaceae, CysB protein
and the sulfur source regulate the cysteine biosynthetic path-
way, including its first step, sulfate and thiosulfate transport
(13).
The fact that sulfate transport and sulfate-binding activity

are repressed in bacteria grown on cysteine has long been
known (4). The sulfate-binding protein (SBP) from Salmonella
typhimurium was the first periplasmic binding protein identi-
fied (5). It has since been crystallized, and its tertiary structure
has been studied in detail (17).
The sulfur source-dependent activity of sulfate binding in S.

typhimurium suggested that the gene encoding SBP was also a
part of the cysteine regulon (16); however, it has not yet been
cloned. Its counterpart from Escherichia coli, identified acci-
dentally by Hellinga and Evans at 89 min on the chromosome
during their studies of phosphofructokinase, was denoted as
sbp (6). We are unaware of further studies of this gene, and no
data about the regulation of expression of the gene and the
phenotypes of any sbp mutants are available. Recently, SBP
isolated from E. coli has been shown to be identical in overall
tertiary structure to its counterpart from S. typhimurium (11).
The sulfate-thiosulfate permease operon cysPTWA, located

at 52 min on the E. coli chromosome, has recently been de-
scribed (9, 19). This permease belongs to the class of per-
meases requiring specific, periplasmic, substrate-binding pro-
teins (for review, see references 1 to 3). The first gene in the
operon, cysP, encodes a previously unknown thiosulfate-bind-
ing protein (TSBP), and the others—cysT, cysW, and cysA—
encode membrane-associated components of the sulfate-thio-
sulfate transport system. The fact that the cysP gene encoding
TSBP belongs to the cysteine regulon has been well docu-
mented for both E. coli (8, 9) and S. typhimurium (7).
The cysteine prototrophy of the insertional cysP mutant (9)

and the failure of systematic efforts to isolate transport-defec-
tive mutants specifically impaired in sulfate-binding activity
(15) suggested that the activities of SBP and TSBP at least
partly overlap.
In this paper, we report the construction and phenotypic

analysis of a double cysP sbp mutant.
Cloning and sequencing of sbp. Since the chromosomal lo-

cation of the sbp gene in E. coli was known, we used the
respective clone (l 540) from Kohara’s library of the E. coli
genome (12) to construct a plasmid, pBR15, containing the
1.3-kb BglII-EcoRI DNA fragment in pBR322. This fragment
contains the entire sbp gene, including its putative promoter
and transcriptional terminator. We have sequenced the cloned
DNA fragment and have found several discrepancies with the
published nucleotide sequence of the region inside the sbp
gene (6). Most of these discrepancies entirely agree with the
amendments of Jacobson et al. (11). The one discrepancy,
resulting in the change of E-185 into V-185 in the SBP, was not
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FIG. 1. Comparison of the amino acid sequences of SBP (upper sequence)
and TSBP (lower sequence). Two gaps in SBP and one gap in TSBP sequences
are included to maximize identity. The identical amino acids are underlined. The
arrows indicate the ends of signal peptides. The letters above the aligned se-
quences show the differences between our data and the published SBP sequence
(6). The differences observed by Jacobson et al. (11) are marked by a lowercase
‘‘d,’’ and the differences not noted by Jacobson et al. (11) are marked by a capital
‘‘D.’’ Asterisks mark the amino acids corresponding to the amino acids of SBP
from S. typhimurium demonstrated to be critical for sulfate binding (17).
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previously reported (11). On the nucleotide sequence level,
with a numbering system consistent with that of Hellinga and
Evans (6), A-1948 and A-1949 are, according to our data,
changed into T and C, respectively. Comparison of the amino
acid sequences of TSBP (9) and SBP (predicted from our
corrected nucleotide sequence) is shown in Fig. 1.
Construction of mutants. The construction of the insertional

cysP-cat mutant (EC 2297 strain) containing the chloramphen-
icol resistance gene (cat) inserted into the cysP gene has been
described elsewhere (9). The sbp-kan insertional mutant (EC
1207 strain) has been constructed by the same method (22).
This mutant contains the 1.6-kb BamHI-BamHI kanamycin-
neomycin cassette isolated from pUC4-KIXX (Pharmacia
Ltd.) inserted into the BclI site located in the sbp gene. The EC
2402 strain is the double cysP-cat sbp-kan mutant. All mutants
were verified by genomic hybridization to the probes contain-
ing cysP and sbp coding regions (results not shown).
Growth characteristics of the mutants. We tested the rate

and extent of growth of our mutants in minimal sulfur-free
medium (10) supplemented with 0.1 mM sodium sulfate or
0.05 mM sodium thiosulfate (Fig. 2 and Fig. 3). Cells were
incubated at 378C with aeration, and at the times indicated, the
optical density of the cultures at 600 nm (OD600) was deter-
mined. The parental strain (EC 1250) served as a control.
The double cysP sbp mutant (EC 2402) is a cysteine auxo-

troph (Fig. 2). As expected, the cysteine prototrophy of the
double cysP sbp mutant can be restored by the intact copies of
either the cysP or sbp gene present on either the multicopy

plasmid pMH3222 (9) or pBR15 (this paper), respectively (Fig.
3). Both single mutants are cysteine prototrophs able to utilize
sulfate and thiosulfate as sole sulfur sources; both, however,
have impaired growth compared with the wild-type strain (Fig.
2). This observation suggests that both SBP and TSBP are
required for the normal transport of both ions (sulfate and
thiosulfate).
Measurement of sulfate-binding activity. The cysteine aux-

otrophy of the double cysP sbp mutant (EC 2402) suggested
that sulfate binding, and therefore its uptake, is impaired in
this strain. We have performed assays of sulfate binding in the
parental strain (EC 1250), the double mutant (EC 2402), and
a single sbp mutant (EC 1207). Bacteria were grown to an
OD600 of 0.3 to 0.4 in a sulfur-free minimal medium (10)
supplemented with 0.5% glucose and 0.1 mM L-cystine or 1
mM djenkolic acid (conditions of cysteine starvation and,
therefore, derepression of cysteine regulon) as sole sulfur
sources. The sulfate-binding activities of osmotic shock fluids
were determined as described previously (9). As shown in
Table 1, sulfate binding is significantly reduced in both mutants
tested. It is reduced about 3-fold in the sbp strain and almost
10-fold in the double mutant, compared with in the wild-type
strain. The low level of sulfate-binding activity of the sbp mu-
tant is sufficient, however, to maintain the cysteine prototro-
phy.
Conclusions. The hypothesis which was previously proposed

in our laboratory (9) to explain the prototrophy of the cysP

FIG. 2. Effects of the cysP and sbp mutations on the growth of bacterial
cultures in minimal sulfur-free medium (10) supplemented with 0.1 mM sodium
sulfate (A) or 0.05 mM sodium thiosulfate (B) as a sole sulfur source.

FIG. 3. Effects of plasmids with the intact sbp gene (pBR15) or the intact
cysP gene (pMH3222) on the growth characteristics of the double sbp cysP
mutant (EC 2402) in minimal medium supplemented with 0.1 mM sodium
sulfate (A) or 0.05 mM sodium thiosulfate (B).
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mutant appears valid. Results reported here confirmed that the
two binding proteins SBP and TSBP have partially overlapping
activities and that a single mutation, inactivating only one of
them, does not result in a lack of thiosulfate and sulfate bind-
ing and uptake. The double cysP sbp mutant can utilize neither
sulfate nor thiosulfate as a sole sulfur source. Moreover, these
results demonstrate that the sulfate-thiosulfate transporter
consisting of the products of the cysP, cysT, cysW, cysA, and sbp
genes is the only one responsible for the transport of both ions,
in contrast to the multiple permeases for other substrates (e.g.,
for phosphate ions [18]).
Despite a striking similarity in function, size, and shape, the

periplasmic binding proteins generally have only small amount
of detectable primary sequence similarity to one another (21).
SBP and TSBP are not the only examples of periplasmic bind-
ers having overlapping activities and interacting with the com-
mon membrane proteins (2, 14, 20). The availability of such
pairs of proteins opens the way to experiments to determine
protein domains responsible for interacting with membrane-
associated portions of periplasmic permeases.
Finally, the puzzling growth characteristics of the single mu-

tants might be explained by the very attractive hypothesis that
at least one of these two binders, in addition to its role in the
transport of sulfate and thiosulfate, can have an additional
function. Recent evidence suggests that some of the periplas-
mic binding proteins of gram-negative bacteria can serve as
receptors initiating sensory transduction pathways (21).

The initial experiments leading to the construction of the mutants
were performed by A.S. in the laboratory of A. Böck, University of
Munich, Germany. We thank A. Böck and G. Sawers for their hospi-
tality and extensive help in the course of these experiments.
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TABLE 1. Activity of sulfate binding in mutants
constructed for this study

Strain Sulfur source Sulfate binding
(pmol/mg of protein)

EC 1250 (wild type) Cystine 40
Djenkolic acid 266

EC 1207 (sbp) Cystine 41
Djenkolic acid 77

EC 2402 (sbp cysP) Djenkolic acid 29
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